The new physics required to explain the anomalies recently reported by the D0 and CDF collaborations, namely the top forward-backward asymmetry (FBA), the like-sign dimuon charge asymmetry in semileptonic b decay, and the CDF dijet excess, has to feature an amount of flavor symmetry in order to satisfy the severe constrains arising from flavor violation. In this paper we show that, once baryon number conservation is imposed, color & weak triplet scalars with hypercharge Y = −1/3 can feature the required flavor structure. The color & weak triplet model can simultaneously explain the top FBA and the dimuon charge asymmetry or the dimuon charge asymmetry and the CDF dijet excess. However, the CDF dijet excess appears to be incompatible with the top FBA in the minimal framework. Our model for the dimuon asymmetry predicts the observed pattern h d h s in the region of parameter space required to explain the top FBA, whereas our model for the CDF dijet anomaly is characterized by the absence of beyond the SM b-quark jets in the excess region. Compatibility of the color & weak triplet with the electroweak constraints is also discussed. We show that a Higgs boson mass exceeding the LEP bound is typically favored in this scenario, and that both Higgs production and decay can be significantly altered by the triplet. The most promising collider signature is found if the splitting among the components of the triplet is of weak scale magnitude.
Motivations
Recently, a number of significant ( 3 σ) anomalies have been reported by the D0 and CDF collaborations. The first is the measurement of a large deviation from the standard model (SM) expectation for the top forward-backward asymmetry [1] [2] ; the second is an excess in the pp → W jj process reported by CDF [3] ; and the third is an anomaly in the like-sign dimuon charge asymmetry in semileptonic b decay [4] . While for the first anomaly both collaborations agree that new physics (NP) might play a significant role in explaining the excess, for the second the D0 collaboration has raised serious concerns on the reliability of the CDF analysis [5] . Yet, a NP contribution to W jj in the range of invariant masses for the di-jet system identified by CDF has not been completely excluded by D0.
A NP explanation of these anomalies requires sizable, flavor-violating couplings to the proton constituents and the third quark generation. This appears to be a challenge in view of the severe bounds imposed on flavor-violation, mainly from the physics of meson oscillation.
One possibility to extend the SM in a way compatible with flavor constraints is to promote minimal flavor violation [6] to a principle of nature.
Here we emphasize that models in which the NP φ couples to a di-quark q i q j with a coupling λ ij antisymmetric in the family indices i, j naturally feature the flavor structure required to explain the Tevatron anomalies.
Antisymmetry of λ ij is automatically ensured if φ is a color triplet scalar with renormalizable couplings to the SM quarks. There are four possible candidates 1 , which transform under SU (3) C × SU (2) W as (3, 1) and (3, 3) . The electro-weak (EW) singlet representations cannot be responsible for the CDF anomaly. Hence, led by a principle of minimality we are left with a single representation of the SU (3) C × SU (2) W × U (1) Y group: φ ∼ (3, 3) − 1 3 .
(1.1)
Our aim is to add to the SM a color & weak triplet scalar φ with hypercharge Y = −1/3 and discuss the phenomenology of the resulting model. If no additional assumption beyond SM gauge invariance is made, the field (1.1) triggers proton decay at tree-level via the dimension-6 operator QQQL/m 2 φ . In this paper we will take a phenomenological perspective and assume that the short distance description of our model respects the baryon number. Our approach is somewhat analogous to [7] , where the physics of the SM plus a color octet, weak doublet was considered. The main difference between the approach of this latter paper and ours is that in [7] minimal flavor violation was assumed while baryon number appeared as an accidental symmetry, whereas here we impose baryon number conservation while make no assumptions on the flavor structure of the theory. In this respect our philosophy is much closer to that of [8] .
Color & weak triplet scalars arise in many extensions of well motivated NP. Our perspective will be however phenomenological, in the sense that we will not assume any of these motivated UV completions. Rather, we will see whether the existence of a weak & color triplet scalar with the properties required to explain the recent Tevatron anomalies [1] [2] [3] [4] has anything to teach us about the short distance description of particle physics.
In section 2 we introduce the color & weak triplet model. In section 3 we analyze the main phenomenological constraints, arising in particular from flavor violation and the EW bounds. There we will show that antisymmetry of λ ij forbids the occurrence of ∆F = 2 processes at tree-level; see also [8] . One-loop flavor-changing neutral current (FCNC) effects as well as tree-level ∆F = 1 processes are found to be consistent with data for generic Yukawa couplings as large as ∼ 0.1 and scalars of weak scale masses. In section 4 we discuss resonant production at hadron colliders and the main signatures of the model, and elaborate on possible implications of the triplet on the SM Higgs searches at the LHC. In section 5 we turn to a discussion of the Tevatron anomalies [1] [2] [3] [4] . We will argue that the color & weak triplet model can separately explain all three anomalies. However, a simultaneous explanation can only be provided for two of them, since the CDF W jj excess appears to be incompatible with the observed top forward-backward asymmetry (FBA). A simultaneous explanation of the CDF dijet excess and the dimuon asymmetry is possible with generic, nonhierarchical couplings, whereas a simultaneous explanation of the top FB asymmetry and the dimuon asymmetry is possible for hierarchical Yukawa matrices. We finally conclude in section 6.
The color & weak triplet model
Given the quantum numbers in (1.1), the most general renormalizable Lagrangian invariant under the baryon number (see section 1 for a discussion of our philosophy) is:
We wrote the color & weak triplet in matrix notation:
where φ 1/3 ≡ φ * −1/3 , φ 2/3 ≡ φ * −2/3 , and φ 4/3 ≡ φ * −4/3 are complex, SU (3) C triplet scalars. After electroweak (EW) symmetry breaking these latter become mass eigenstates with electric charges Q = T 3 + Y = 1/3, 2/3, and 4/3, respectively. The covariant derivative reads
where G µ is the matrix-valued gluon field and W µ = W a µ σ a /2 with σ a the Pauli matrices, and the factors of 1/ √ 2 in (2.2) are fixed by the requirement that the components of the weak triplet are canonically normalized.
The interactions with the SM quarks are described by the following Yukawa operator
Here = iσ 2 , whereas Q i are the left handed SM quark doublets and i, j = 1, 2, 3 are family indices. The Majorana conjugate of a spinor ψ is defined as usual by ψ c ≡ ψ T C, with ψ T denoting the transpose and C = iγ 2 γ 0 the charge conjugation matrix. For definiteness, we will work in the basis in which the physical fields are related to the gauge eigenstates by
The indices α, β, γ of the fundamental representation of SU (3) C , suppressed in the above expressions, are contracted with the totally antisymmetric tensor αβγ . Meanwhile, the 3 of SU (2) W is symmetric. It follows that the Yukawa operator (2.3) is symmetric in the SU (2) W and spinor indices but antisymmetric in the SU (3) C indices. Hence, gauge invariance requires that:
This property implies the absence of tree-level flavor diagonal transitions i ↔ i, and will play a crucial role throughout the paper. See also [8] .
The most general quadratic potential for the scalar φ is
where H is the Higgs doublet and M 2 φ , κ 1,2 are real parameters. From (2.5) it follows that the tree-level masses of the three components of the triplet are:
with v = 246 GeV the SM Higgs vacuum. The pattern (2.6) is understood as an effect of isospin violation triggered by κ 2 . We find that
is required to have a mass splitting |∆m| among the elements of the weak triplet. Specifically, for κ 2 > 0 (∆m < 0) one has m 4/3 > m 1/3 + |∆m| and m 1/3 > m 2/3 + |∆m|, while for κ 2 < 0 (∆m > 0) one has m 2/3 > m 1/3 + ∆m and m 1/3 > m 4/3 + ∆m. Plugging in numbers one sees that |∆m| ∼ m W is attained for weak scale masses and |κ 2 | ∼ 1. We will come back to isospin violation when discussing the EW constraints.
3 Experimental constraints
Flavor violation
Color & weak triplets violate flavor at the tree and loop level. In the following we wish to discuss the main constraints arising from ∆F = 1, 2 processes under the assumption that λ ij is a generic, nonhierarchical (antisymmetric) matrix. Hierarchical couplings |λ 23 | |λ 12 | |λ 13 | ∼ 1 will be discussed in section 5.3.
∆F = 2 processes
Integrating out φ at tree level, and after a Fierz transformation, we find the effective Lagrangian
where α, β and i, j, k, l are color and flavor indices, respectively. Throughout the text all spinors are left handed, so for brevity we will always write q i to mean its left-handed component. The operators (3.1) do not lead to ∆F = 2 transitions. Indeed, it is easy to see that from the antisymmetry of λ ij it follows that all ∆F = 2 operators in (3.1) vanish. The absence of tree-level ∆F = 2 processes can also be understood using the spurion approach. In this language the matrix λ has two antisymmetric indices with values in the SU (3) Q family group, and, without mass insertions, ∆F = 2 operators of the form (Q i γ µ Q j ) 2 require at least four powers of λ with the structure ( n λ jn λ * in ) 2 . This structure cannot clearly be generated at tree-level, but will be generated at one-loop level, as we will see shortly.
We here focus on K − K mixing because this physics provides the strongest constraint on NP contributions to ∆F = 2 processes if λ ij is nonhierarchical. The situation changes when hierarchical Yukawa matrices are considered, see section 5.3.
The relevant operator in the present analysis is
The operator (3.2) arises from 2 box diagrams with internal φ 1/3 and 2 box diagrams with internal φ 2/3 boson lines, while one-loop diagrams involving a W ± and a φ vanish, see also [11] . This is understood by noting that the color structure of the diagrams with a single φ arises from two powers of the totally antisymmetric color tensor (i.e. two (2.3) vertices) and two powers of the Kronecker delta function (i.e. one φ and one W propagators) and is therefore of the form αβγ αβγ δ αα (dβγ µ s β dγγ µ s γ ) = (δ ββ δ γγ − δ βγ δ γβ )(dβγ µ s β dγγ µ s γ ), which identically vanishes after a Fierz transformation. This is also in accord with our expectation from the spurion argument that ∆F = 2 processes must involve at least four powers of λ. The color structure of the diagrams with two virtual φ's instead arises from four powers of the totally antisymmetric color tensor (i.e. four (2.3) vertices) and two powers of the Kronecker delta function. This will lead to the expected ∆F = 2 Yukawa structure. The Wilson coefficient of (3.2) evaluated at a scale
In eqs. (3.3) we defined
, where in the first equality we used the unitarity of the CKM matrix and in the second the antisymmetry of λ. The loop function
is normalized such that I(0, 0) = 1.
The differences between the φ 1/3 and φ 2/3 contributions stem from the enhancement factor ( √ 2) 4 in the φ 2/3 coupling, see (2.3) 2 , the different mass, and the fact that by antisymmetry of λ the φ 2/3 diagrams can only involve virtual b-quarks.
If the SM fermions were degenerate in mass we would have I(x j , x j ) = const, and the only source of flavor violation would come from λ. Using the unitarity of the CKM matrix
one sees that (3.3) would then scale as (λ 23 λ * 13 ) 2 , which is the structure anticipated by the spurion analysis.
More generally, since we focus on models with m φ of the order the weak scale, neglecting the SM quark masses with the exception of the top mass is always a good approximation. Using unitarity of the CKM matrix and the symmetry property I(x, y) = I(y, x), and taking
Eq. (3.5) can be studied in two limits. The first applies to non-hierarchical, antisymmetric matrices λ, for which we find i ξ i ≈ ξ 3 . The second limit applies when the couplings λ 13, 23 to the third SM quark generations are suppressed compared to λ 12 , for which i ξ i ξ 3 . We will study the latter limit in section 5.3.
For generic matrices λ, in which case λ 12,13,23 have comparable magnitude, eq. (3.5) is well approximated by taking the limit V ij → δ ij . In this case ξ 3 → λ 23 λ * 13 = i ξ i , and the Wilson coefficient (3.3) becomes
Assuming O(1) CP-violating phases we impose the 95% CL bound [12]
(3.7)
The constraint on the NP scale relaxes to 10 3 TeV if CP violation in the NP sector is suppressed [12] . We plot the resulting bounds on |λ 23 λ * 13 | in fig. 1 for m 2/3 = m 1/3 . In the presence of mass splitting the bound is controlled by the φ 2/3 loops, and is essentially unaffected for |∆m| 100 GeV.
Analogous expressions can be derived for D−D or B q −B q mixing. For generic Yukawa matrices the relevant couplings are |λ 13 λ * 23 | for the 1 ↔ 2 transitions and |λ 32 λ * 12 | for the 1 ↔ 3 or |λ 21 λ * 31 | for the 2 ↔ 3 processes. The bounds arising from D −D or B q −B q mixing are always weaker than those shown in fig. 1 when the couplings are nonhierarchical. This conclusion changes when hierarchical matrices λ ij are assumed, see section 5.3.
∆F = 1 processes
The effective Lagrangian (3.1) contributes to non-leptonic, ∆F = 1 decays of B or K mesons (mediated by φ 1/3 and φ 2/3 ) and D mesons (mediated by φ 1/3 and φ 4/3 ). We find that the most stringent bounds are on the coefficients of the operators associated to B-meson decay. The relevant operators can be divided into two classes. The first class of operators has the same current-current, 4-flavors structure as the one generated at treelevel in the SM. The second class includes the penguin operators (bs) V −A (qq) V −A . At the scale µ = m W these are generated within the SM by QCD and EW penguin diagrams. The second class leads to stronger bounds than the first class, so we will focus on it in what follows. We will consider for definiteness the |∆B| = |∆S| = 1 transitions. Comparable (weaker) bounds are expected to arise from other nonleptonic ∆B = 1 processes.
Neglecting the small off-diagonal components of the CKM matrix, the |∆B| = |∆S| = 1 operators derived from (3.1) are
where as usual all spinors are left-handed (note that the factor of 2 suppressing the φ 2/3 operators in (3.1) has disappeared as a consequence of (approximate) isospin invariance). NP contributions from the nonstandard operators (3.8) to B → πK decays were derived in [13] . The strongest constraint on our effective field theory (3.8) arises in the case of large CP-violation and reads |λ 12 λ * 13 | 0.5 (m φ /1 TeV), see eq.(3.10) of [13] .
More stringent bounds arise from the B → J/ΨK and B → φ s K processes [14] 3 . In order to conform with the conventions of [14] we assume that the splitting among the components of the triplet vanishes. Under this simplifying assumption we can work with the SM effective operator basis 9) and find that the operators that are corrected by tree-level exchange of the color & weak triplet are the QCD penguin operators: However, for simplicity we will conservatively assume that the NP corrections are universal in q and equal to the largest contribution. Again ignoring the RG flow from µ = m 1/3 = m 2/3 down to µ = m W , we find
where we defined the Wilson coefficients as a sum C n = C SM n + δC n of the SM plus NP contributions. Using the results of [14] (see their eqs. (20) and (21)) we write the total (SM + NP) expression for the parameters C φs and C Ψ controlling B → φ s K and B → J/ΨK respectively as:
, where δC 4 (m W ) is given in (3.11), while the SM term reads
Here E(x) is a standard one-loop function (see for example [15] after having switched to our basis (3.10)). We require that the NP contribution to C φs and C Ψ be at most 10% (20%) of the SM prediction. It is important to stress that this bound is somewhat arbitrary given the large uncertainty associated to the SM predictions for these processes.
An inspection of (3.12) shows that the bound arising from B → φ s K is slightly stronger. We plot the resulting constraint on |λ 13 λ * 12 | in fig. 1 together with the bound from Kmeson oscillation (which refers to |λ 23 λ * 13 |). Given the large suppression of the NP 3 Here φs denotes the QCD ss meson! correction in (3.12) we find that |δC
is allowed [14] . As a result, the ∆F = 1 constraints are always weaker than those from meson oscillation.
We expect our ∆F = 1 bounds not to change quantitatively -actually to relax a bit -in the presence of a mass splitting among the components of the triplet. The physics would however be qualitatively different in that case since there would be potentially sizable corrections to the EW penguin operators. It would be interesting to analyze the effect of these corrections in light of the apparent inconsistencies between theory and experiments in the B → J/Ψφ s system reported in [16] .
Next we study the NP effects on B → X s γ transitions. These are essentially controlled by the penguin operator
Integrating out the triplet we find that the dominant NP contribution to C 7 comes from φ 2/3 and approximately reads |δC 7 | ≈ 2|λ 31 λ * 21 |v 2 /(3|V * 32 V 33 |m 2 φ ), where, following our convention, we defined C 7 = C SM 7 + δC 7 . We conservatively require |δC 7 | 0.1 (see for instance [17] ), and find that
This constraint essentially coincides with the 20% bound shown in fig. 1 . Flavor-conserving dipole moment operators are not severely constrained in our model [8] , while the K → πνν decays are found to be under control for generic couplings satisfying the "no CPV" bound in the figure [18] .
Before turning to a study of the EW constraints on the color & weak triplet scalar model, we find it worthwhile to comment the bounds presented in fig. 1 .
If one assumes that λ 12,13,23 are comparable in magnitude, fig. 1 implies that |λ ij | 0.01 − 0.02, as required by Kaon physics. However, K − K must involve both λ 13 and λ 23 to be effective, and hence the bounds on the couplings to the first and second generations can generally be relaxed if either λ 13 or λ 23 are somewhat suppressed. An interesting limit is the one in which |λ 13 
Electroweak constraints
At one-loop, the EW S and T parameters for an EW triplet are:
We derived them using the general expressions given in the Appendix of [19] , see also [20] .
In our model N c = 3 and Y = −1/3. Note that T is positive definite while S can be either positive or negative.
In writing S we assumed that [
. This corresponds to neglecting a small, negative remainder on the right hand side of the first equation in (3.17), see [20] . For m φ 100 GeV the correction is O(10 −2 ) and can be safely neglected in what follows.
We will also neglect the other EW parameters U, V, W, X since we find that these are negligible compared to S, T . This is expected to be a conservative assumption because the allowed region for U = 0 is slightly reduced compared to U = 0 [21] .
The contribution to the T parameter is enhanced compared to the case of a weak doublet, color singlet representation, and hence isospin violation is severely constrained in this model. For example, if the triplet is assumed to saturate the NP contribution to the EW precision parameters, the mass splitting ∆m ≡ m 1/3 −m 4/3 is bounded at the 99% C.L. to lie in the regime |∆m| 50−60 GeV by the T parameter alone (assuming no correlation with S, U, . . . ) when m φ 200 GeV and for perturbative Higgs masses m h 1000 GeV.
In fig. 2 we show the EW constraints in the S − T plane for m 4/3 = 200, 400 GeV and various values of m 1/3 . In the figure, m 2/3 is determined by eq. (2.6) and the experimental ellipses are from [21] . Compatibility with experiments is improved as the SM Higgs mass is increased above the reference value m h = 120 GeV adopted in [21] . SM Higgs masses of several hundred GeV, or even m h = O(TeV), are preferred as long as ∆m = 0.
For larger masses (m 4/3 > 400 GeV) and small splitting (|∆m| < 50 GeV) eqs. (3.17) become, to a high accuracy,
where, at leading order, m φ is any of m 1/3 , m 2/3 , or m 4/3 . We see that in the large mass regime the T parameter scales with ∆m such that T ∝ S 2 , which explains the origin of the approximate parabolas visible in fig. 2 . We will see that the ideal scenario for the detection of the color & weak triplet is when |∆m| m W , so it is worth to comment on this latter possibility. In order to accommodate a splitting |∆m| > 60 GeV, the model requires additional, negative NP contributions to T or a violation of the tree-level relation (2.6).
Violations of (2.6) are expected to arise at the quantum level. However, in a perturbative description this effect is small, and we therefore ignore this possibility.
For what concerns the former possibility, two simple examples come to mind. In the first example an EW triplet, color neutral scalar with Y = 2 is added to the theory. be made consistent with the EW constraints for a wide spectrum of |∆m|'s by adjusting the vacuum of the new scalar. In the second example an EW doublet scalar with the same quantum numbers of the SM Higgs is added. In this case one finds that the one-loop contribution to T of the axial (A) and CP-even (H) scalars is negative. Assuming for simplicity that this new field does not participate to EW symmetry breaking, and using the results of [19] , we see that (S tot , T tot ) = (T + T doublet , S + S doublet ) can lie within the 2 standard deviations ellipse of fig. 2 even for |∆m| = few × 100 GeV. For example, fixing m h at its reference value and m 4/3 = 150 GeV and m 1/3 = 300 GeV -and hence m 2/3 ≈ 397 GeV from (2.6) -we find that (S tot , T tot ) ≈ (0.21, 0.27) when m H = 570 GeV, m A = 1430 GeV, and m H ± = 1000 GeV.
The message to be taken from these two examples is that one cannot exclude scenarios with |∆m| as large as the weak scale on the basis of EW precision data alone, as new ingredients besides the triplet φ might be present in a complete theory. We discussed the cases in which this new ingredient is either an additional EW triplet, color singlet scalar or an EW doublet scalar, but many alternative scenarios are possible.
The triplet at hadron colliders

Production and decay
Gauge and Lorentz invariance forbid the processes gg, qg → φ, so the production of the triplet φ at hadron colliders dominantly proceeds viafusion. In this section we will discuss φ 1/3 resonant production. Similar production cross sections are expected for φ 2/3,4/3 .
At leading order, the cross section σ(pp/pp → φ 1/3 ) at a proton-anti proton/protonproton collider is given by
with √ s the CM energy of the hadron collider, τ = m 2 1/3 /s, and
Here q i denotes the initial quark, taken to be massless, and f q i (x, µ R ) is its parton distribution function (PDF) evaluated at the RG scale µ R . For simplicity we will limit our study to the case λ 13,23 = 0, so the sum in (4.1) extends over the couples (u i d j ) = (us, su, cd, dc) and conjugates. The cross section σ LO /|λ ij | 2 is shown in fig. 3 approaches agree up to at most a 10% discrepancy in the mass range 200 GeV < m 1/3 < 500 GeV. The inclusion of NLO effects in (4.1) was estimated to amount to an almost flat Kfactor of order ∼ 1.3 in [10] . Here we focus on the LO analysis.
From fig. 3 we learn that, if λ 12 is within the bound shown in (3.16), σ LO = O(1) pb at the Tevatron are obtained for relatively light masses, see table 1. For example, fixing m 1/3 = 300 GeV we find that σ LO ≈ 4 pb for |λ 12 | = 0.1 whereas σ LO ≈ 1 pb for |λ 12 | = 0.05. At the LHC the cross section increases significantly, and for m 1/3 = 300 GeV we now have σ LO ≈ 82 pb for |λ 12 | = 0.1 or σ LO ≈ 21 pb for |λ 12 | = 0.05, see table 2.
Once the scalar (here the φ 1/3 component) is produced it decays into di-jets and, if kinematically allowed, into its isospin partners in association with a W , here either φ 4/3 W or φ 2/3 W depending on whether ∆m > m W or ∆m < −m W , see eq. (2.7) and the discussion below it. Focussing for definiteness on the case ∆m > m W , the latter rate is given by: λ ij is relevant, and neglecting the u, d, s, c quark masses, we also find
The coupling to the W ± is enhanced compared to the case of weak doublets. Meanwhile, when λ ij is generic the bounds shown in fig. 1 apply. As a result, the decay into φ 4/3 W quickly saturates the total rate as soon as the mass m 1/3 exceeds the m W + m 4/3 threshold. This is illustrated in fig. 4 for |λ ij | = 0.05 (thick lines). In this regime fig. 3 provides an accurate estimate of the production cross section σ(pp/pp → φ 4/3 W ) as soon as m 1/3 > m W + m 4/3 (i.e. ∆m > m W ). In the case of inverted hierarchy, i.e. for ∆m < 0, and again for generic couplings, fig. 3 provides an accurate estimate of σ(pp/pp → φ 2/3 W ) as soon as m 1/3 > m W + m 2/3 (i.e. ∆m < −m W ). As a reference, in fig. 4 we also show the branching ratios BR(φ 1/3 → jj, φ 4/3 W ) in the case |λ ij | = 1 of nongeneric couplings (thin lines), see section 5.3.
Comparable production rates to those shown in fig. 3 are expected for φ 2/3 and φ 4/3 . For ∆m > m W the φ 2/3 would decay into W + φ * 1/3 → W + W + φ * 4/3 leading to a characteristic 2l2νjj final state with a same-sign dilepton. On the other hand, in the case of resonant φ 4/3 production the decay will be entirely into jets. For ∆m < −m W the pattern is reversed: the component φ 2/3 would be the lightest element of the triplet, with a branching fraction dominantly into jets (now also b-jets), while φ 4/3 would now be the heavier decaying into same-sign dileptons.
The detection of the triplet at the Tevatron and the LHC is facilitated in the case the decays into light partners are kinematically open. If this condition is not met the decay products would be entirely jets and hence overwhelmed by the QCD background, especially for weak scale scalars. In this pessimistic scenario one can still hope the couplings λ 13, 23 to the third quark generation are unsuppressed, in which case the production of the color & weak triplet would be characterized by its flavor-violating decays into top and bottom quarks, such as φ 4/3 → ut, ct, or φ 1/3 → dt, st, bu, bc, and φ 2/3 → d * b * , s * b * . A dedicated analysis of the significance of same-sign dilepton decays and flavor-violating decays at hadron colliders is beyond the purpose of this paper.
We conclude this section mentioning that the bounds imposed by the di-jet searches at the UA2 [25] and Tevatron [26] [27] [28] experiments, as well as the ATLAS collaboration with an integrated luminosity of 315 nb −1 [29] and 36 pb −1 [30] , do not constrain the color & weak triplet model further, even if we conservatively assume that the resonance has BR(φ → jj) = 1.
One can find additional details on the phenomenology of colored scalars in [7] 
Higgs physics
The Higgs physics can be significantly affected by new colored particles. Color & weak triplets can for instance modify the processes gg, γγ → h. This effect is described by higher dimensional operators ∼ κvhF µν F µν /(16π 2 m 2 φ ), with F µν the (noncanonically normalized) field strength of either the gluon or the photon. These operators can constructively or destructively interfere with the SM depending on the sign of the effective triple coupling κ, and can easily lead to sizable corrections of the SM expectations when m φ is of weak scale magnitude [33] .
One might worry that a sizable correction to the Higgs production rate could be in conflict with the recent data from the ATLAS collaboration [34] . However, these bounds are not constraining if the Higgs is sufficiently heavy or/and if the fraction BR(h → W W ) is suppressed [35] . Fortunately, in our model both effects may be present.
First, we saw that EW precision measurements tend to favor a Higgs boson heavier than in the minimal SM as soon as a tiny mass splitting among the elements of the triplet is turned on. Higgs masses above 200 GeV should be sufficient to make our model compatible with direct Higgs searches for a generic κ [35] .
Second, when m h > 2m φ the branching ratio for h → φφ can potentially compete with BR(h → W W ). Specifically, when the Higgs mass is above the diboson threshold we find
with κ = κ 1 , κ 1 − κ 2 , and κ 1 + κ 2 for φ = φ 1/3 , φ 2/3 , and φ 4/3 respectively (κ 1,2 are defined in (2.5)), whereas x φ,W = m 2 φ,W /m 2 h . The expression (4.5) is a strong function of the Higgs mass m h , which reveals a maximum at m h 2m φ . When m h v, the h → W W mode always dominates. For m h v, however, the h → φφ channel has a rate typically comparable to h → W W , ranging between 25% BR(h → φφ) 55% for κ = 1, such that when κ 1 it can easily dominate. The latter possibility is especially interesting because in such a scenario the signature of a heavy Higgs boson would become h → 4j.
Applications: the Tevatron anomalies
In this section we turn to a study of the recent Tevatron anomalies [ 
The top FBA has already been studied in similar models in [31] , so we refer the reader to those papers for more details. Our models for the CDF W jj anomaly and the dimuon asymmetry are instead original. A characteristic feature of our model for the CDF W jj anomaly is the prediction of no b-quark jets in the excess region 120 GeV < M jj < 160 GeV. The model for the dimuon asymmetry is characterized by the prediction h d h s (see eq. (5.4) for a definition of these parameters), and shares some analogies with the "maximally flavor-violating" model of [36] .
We will see that while the CDF W jj excess and the dimuon asymmetry can be explained within the color & weak triplet framework with generic Yukawa matrices λ ij , the observed top FBA can only be explained provided one excepts the existence of the hierarchical relation |λ 23 | |λ 12 | |λ 13 | ∼ 1. Once the hypothesis of hierarchical couplings λ ij is excepted, one finds that sizable corrections to the physics of the B s meson -but not to B d -can be induced in a way compatible with all other bounds. Remarkably, these conditions are required to account for the observed dimuon charge asymmetry in b decay [4] [37] and the very recent measurement of BR(B s → µ + µ − ) [38] .
The CDF W jj excess
The CDF collaboration reported an excess in the invariant mass distribution of di-jets produced in association with a W ± [3] . It is not yet clear if the CDF anomaly is due to NP or to SM background [5] . In this subsection we assume that the W jj excess is due to a beyond the SM di-jet resonance of mass ∼ 150 GeV [3] .
The color & weak triplet model has been previously discussed in the context of the CDF anomaly in [11] . In that work the components of the triplet were taken to be degenerate in mass, so the excess in the 120 GeV < M jj < 160 GeV invariant mass distribution was attributed to any of the φ 1/3,2/3,4/3 . Furthermore, the Yukawa matrix λ ij was assumed to be hierarchical in order to generate an O(1) pb cross section for the t-channel process pp → φW .
In the present paper the mass splitting between the elements of the triplet plays a crucial role: we will see that if φ 4/3 happens to be the lightest scalar it can naturally play the role of the resonance observed by CDF and that σ(pp → φ 4/3 W ) = O(1) pb can be attained while keeping λ 12 within the range (3.16).
We take φ 4/3 to be the lightest component of the triplet, with a mass m 4/3 ∼ 150 GeV. Under this hypothesis, and working within a perturbative description in which the relation (2.6) is accurate, one finds that m 2/3 > m 1/3 > m 4/3 . Here we assume that the mass splitting is of order the weak scale, ∆m > m W , so that:
We discussed how it is possible to make the pattern (5.1) compatible with the EW bounds in section 3.2. We saw in the previous section that the mass pattern (5.1) is an ideal condition for detection. We now show that, given this hypothesis on the spectrum, the resonance φ 4/3 naturally satisfies three crucial features [3] : (1) it is produced with a rather large rate and (2) preferentially in association with a W , and finally (3) it does decay dominantly into light jets.
The absence of excess of b-quarks in the pp → φ 4/3 W → jjW final state is easy to understand, for by charge conservation φ 4/3 will decay isotropically into up-type quarks:
The suppression of the analogous pp → Zjj channel is a consequence of gauge invariance as well as dynamics. Indeed, the scalar φ 4/3 can be produced in association with a W ± only byscattering, where the initial partons have total electric charge Q = ±1/3, i.e. u i d j → W − φ 4/3 . The production in association with a Z 0 is instead of the type u i u j → Z 0 φ 4/3 . Recalling that the Yukawa coupling λ ij is antisymmetric in the family index, we see that the production in association with W occurs dominantly via initial us, cd pairs, while the production in association with Z via initial uc. The Zjj channel is thus suppressed compared to W jj by the c-quark PDF and a lower multiplicity. This suppression is O(1) if the processes pp → φ 4/3 W → jjlν occur dominantly via a t-channel exchange [11] , while it is estimated to be O(10) if (5.1) holds, in which case the W φ 4/3 final state is enhanced by the resonant production u i d j → φ 1/3 → W φ 4/3 , see also [39] . No such enhancement is possible for the analogous Zφ 4/3 final state.
Resonant φ 1/3 production has been studied in section 4.1, where it was argued that an O(1) pb cross section for pp → φ 1/3 → φ 4/3 W → jjW is consistent with the experimental bounds discussed in section 2.
We thus see that:
• the color & weak triplet model can explain the W jj excess reported by CDF [3] with generic, nonhierarchical couplings and a mass splitting ∆m m W .
Characterizing features of our model for the CDF anomaly are: (i) the absence of b-quark jets in the excess region, and a suppression of at least an O(10) factor of the associated pp → Zjj process; (ii) a peak in the W jj invariant mass distribution at M jjW ≈ m 1/3 . The analysis of section 4.1 suggests that 250 GeV m 1/3 450 GeV would be required to have σ(pp → φ 4/3 W ) ∼ 0.1 − 11 pb, see the benchmark points in table 1. The value m 1/3 ∼ 300 GeV might be consistent with the results presented at [40] ; (iii) the prediction of a characteristic pattern pp → φ 2/3 → W φ 1/3 → W W jj at a higher invariant mass M jjW W ≈ 320−620 GeV (here we took m 1/3 = 250−450 GeV from table 1 and used (2.6)). We also expect additional fields not far from the weak scale to make the large mass splitting |∆m| m W compatible with the EW data (see section 3.2).
The CDF W jj excess + the top FBA
Colored diquarks can account for the observed tt forward-backward asymmetry (FBA) [31] . Here we will analyze under which conditions a simultaneous explanation of the top FBA and the CDF W jj excess is possible.
The aim of any model for the top FBA is to generate a large NP contribution to the FBA, but not to the total tt production cross section. Within the color & weak triplet framework, these processes are dominantly altered by the u-channel exchange of φ 4/3 and φ 1/3 . In either case the relevant coupling is λ 13 .
In [31] it was shown that a NP contribution to the FBA having the correct sign and magnitude is attained only for masses m φ 300 GeV. If we are assume m 4/3 ∼ 150 GeV, as required to fit the CDF excess, we see that the field playing the dominant role in correcting the SM top FBA will be φ 1/3 . Because φ 4/3 is expected to be subdominant, we conservatively neglect its contribution in the following.
The coupling λ 13 controlling the NP corrections to dσ(pp → tt)/d cos θ should be rather large 4 . Indeed, it was found that both FBA and tt * production can be made consistent with data if the Yukawa coupling λ 13 satisfies an approximately linear relation with the mass m φ . Allowing at most a one-standard deviation from the observed rates, this relation reads [31] :
Strictly speaking, eq. (5.2) has been derived in [31] when the dominant production process is uu * → tt * . If m 4/3 ∼ 150 GeV and m 1/3 300 GeV, however, the dominant reaction is actually dd * → tt * . We will nevertheless use (5.2) as a rough estimate of the magnitude of |λ 13 | required to explain the measured top FBA.
For the values m 1/3 ∼ 250 − 300 GeV favored by the CDF W jj excess we find |λ 13 | ∼ 0.8 − 1.0. In section 5.3 we will see that such large values of |λ 13 | can be compatible with meson oscillation provided |λ 12 |, |λ 23 | 1. Now, because BR(φ 1/3 → ub, dt) ∼ 1 when |λ 13 | ∼ 1, see fig. 4 , it is clear that the rate for the process pp → W φ 4/3 would be too small to account for the results reported in [3] . We thus conclude that:
• the color & weak triplet model can explain either the top FBA [1] [2] or the CDF W jj excess [3] , but not both anomalies simultaneously. (The top FBA is explained with |λ 13 | ∼ 1 and m φ 300 GeV, whereas ∆m is not constrained [31] .)
The top FBA + the dimuon asymmetry
In this subsection we discuss under which conditions the value |λ 13 | ∼ 1 required to explain the top FBA is compatible with the constraints on flavor violation. First, note that NP contributions to D − D are governed by the Wilson coefficient
, so that to avoid too large a correction to D-meson oscillation we will impose |λ 23 | < 10 −3 when m φ is at the weak scale [12] (see also [32] ). Now, if either λ 13 or λ 23 are smaller than O(10 −2 |λ 12 |) the approximation used in our study of K − K mixing and leading to (3.6) breaks down. We here discuss how the bounds of fig. 1 CDF has also reported a measurement of the branching fraction for B s , B d → µ + µ − and found that, while for B d → µ + µ − the SM prediction is accurate, BR(B s → µ + µ − ) is a factor O(1) larger than expected [38] . We here point out that this enhancement is generally present in our model for the top FBA and the like-sign dimuon charge asymmetry. A precise estimate of this effect would lead to an additional line in fig. 5 and possibly determine both |λ 12 λ 13 | and m φ .
The dimuon asymmetry + the W jj excess
One can show with arguments similar to those of the previous subsections that:
• the color & weak triplet model can simultaneously explain the CDF W jj anomaly [3] and the like-sign dimuon charge asymmetry in semileptonic b decay [4] . This can be achieved provided m 4/3 ∼ 150 GeV and ∆m m W , and for generic Yukawa matrices satisfying |λ 23 | < |λ 13 | < |λ 12 | ∼ 0.1.
Conclusions
In this paper we discussed in some details the phenomenology of color & weak triplet scalars with hypercharge Y = −1/3. We found that SM gauge invariance forces the renormalizable Yukawa couplings to di-quarks to be antisymmetric. This in turn implies that ∆F = 2 processes first arise at the one-loop level, and that the resulting NP theory is "maximally flavor-violating", as suggested by the recent Tevatron data. At tree-level, the triplet only contributes to non-leptonic ∆F = 1 heavy meson decays, and generic, non-hierarchical, sizable couplings ∼ 0.05 − 0.1 to the SM quarks are found to be consistent with data for scalars with weak scale masses.
After electro-weak symmetry breaking the elements of the weak triplet split in mass according to their isospin. We analyzed the impact of the mass splitting on the electroweak observables and showed that -for nonvanishing splitting -Higgs masses above the LEP bound are favored by data.
The triplet can substantially alter the SM Higgs production at hadron colliders. Furthermore, for Higgs masses above the W W and φφ thresholds, h → φφ → 4j might in fact represent the dominant decay mode, making the detection of the Higgs boson at the LHC more subtle.
Triplets with weak scale masses also lead to interesting signatures at hadron colliders. We estimated the LO cross section for resonant production at the Tevatron and the LHC, and discussed the main decay modes. The cleanest signal of the color & weak triplet occurs when the mass splitting is of weak scale magnitude. In this case the decay of the heaviest component leads to same-sign dilepton final states, whereas the intermediate component would dominantly decay into the lightest component in association with a W . If these latter channels are kinematically closed, then the triplet would decay entirely into jets. Whether or not large branching ratios into tops or bottoms are possible depends on the details of the Yukawa matrix. This should be compared to what happens in theories in which minimal flavor violation is imposed, in which case the couplings to the third generation are typically larger.
Our interest on the physics of the color & weak triplet model was motivated by a number of anomalies reported by the Tevatron groups [1] [2][3] [4] . We turned our attention to a possible explanation of these anomalies within the color & weak triplet model in section 5.
A simultaneous explanation of the like-sign dimuon charge asymmetry in semileptonic b decay [4] and the top FBA [1] [2] is possible 5 for weak scale masses m φ (and generic ∆m) and provided hierarchical relations among the Yukawa couplings of the triplet are present. Remarkably, a characterizing feature of our model is the prediction of h d h s , a relation which seems to be suggested by data [4] [37] .
The dimuon asymmetry may be accommodated within our model for the CDF W jj anomaly, as well. However, the CDF W jj excess [3] was shown to be incompatible with the top FBA in our minimal framework.
Characterizing properties of our model for the pp → W jj CDF anomaly are the prediction of no excess of b-quarks in the W jj final state and a suppression of the analogous pp → Zjj channel. The flavor problem typically required to explain these two latter features has been converted into a spectrum problem within the context of the color & weak triplet model.
